Climbers and self-supporting woody plants have different constraints on their stems. Although plants of both growth forms need wood that functions mechanically and hydraulically, climbers have a lower need for mechanical self-support and an elevated need for hydraulic conductance to enable longer-distance water transport. We sampled all the woody climbers (10 species) and most of the woody subshrubs (25 species) of the island of Cyprus in the eastern part of the Mediterranean, to mechanical function. Consistent with their lower need for self-support, on average the climbers had lower wood density than did the subshrubs (0.44 g/cm 3 ± 0.15 vs. 0.59 g/cm 3 ± 0.20, means ± s.d.) and had a lower 15). Consistent with climbers' need for higher hydraulic conductance and total plant height, climbers had vessel sizes and frequencies closer to the theoretical packing limit than did subshrubs. Lastly, we grouped species within a growth form by site water availability (dry vs. wet site), site temperature (cold vs. hot site), site water equability (low vs. high), and xylem ring porosity (ring porous, semi-ring porous or diffuse porous). Climbers had different vessel lumen diameters or vessel frequencies for six of these eight groupings, whereas subshrubs showed no such differences, illustrating the wide variation in climber wood structure compared to the relatively conservative anatomy of the subshrubs.
INTRODUCTION
adaptive features, and the constraints on that evolution that have canalized which fea-tures were most likely to evolve. Moreover, those evolved adaptive features may be -led (plastic) (Day et al. 2002) . By comparing the wood structure of taxa of differing growth forms and from different habitats, we can infer the environmental factors that were important in shaping the evolution of the growth forms and taxa. For example, if we observe a consistent difference in wood structure between taxa growing in dry vs. wet sites, we could infer that moisture is of strong importance in the evolution of these taxa's wood structures.
This study looks at the mechanical, hydraulic, and ecological wood anatomy of chamaephytes or dwarf shrubs with less than 80 cm height) growing on the island of Cyprus in the eastern Mediterranean. In relation to its size, Cyprus has one of the -ing its geological structure, climatic conditions, geographic location (situated at the (Tsintides et al. 2002) . Subshrub species are a conspicuous part of the natural vegetation on Cyprus, with some noteworthy endemic species. The goals of this study are to better understand the suites of anatomical characteristics in each of the growth forms, to learn which growth forms exhibit more variability with changing site characteristics, and to infer the environmental factors responsible, in an evolutionary sense, for these relationships.
Climbing species have less need to provide their own support than do self-supporting species (e.g., Darwin 1865; Isnard & Silk 2009) , and a number of studies have compared the wood anatomy of climbers to self-supporters. In this study, climbers were compared to subshrubs because in a larger study on the ecological wood anatomy of over 250 woody taxa of Cyprus (Crivellaro 2012) , subshrubs as a group showed less variability (in plant height and stem diameter) than did the other self-supporting taxa, and so appeared to be a more cohesive growth form for this comparison. Climbers typically have relatively large-diameter vessels and a high proportion of the cross section devoted to vessel lumen and parenchyma compared to self-supporters (Carlquist 1985) . Among the self-supported plants, subshrubs in particular often have diffuse porous wood, small diameter vessels, and high variability in axial parenchyma arrangements (Schweingruber & Poschlod 2005; Schweingruber et al. 2011) . Because of the partial release from the need to provide mechanical support, climbers can have wood with lower strength and stiffness (e.g., Gartner 1991b) . Wood density is a good index of mechanical support: the higher the density, the more mass a given unit of wood can support (Kollmann & Côté 1968; Niklas 1992) . Fibers provide much of the mechanical support in woody stems. Therefore, we expect that subshrubs will have higher wood A second expectation is that climbers will have an anatomy in which their vessel diameters and frequencies are closer to the 'packing limit' than will subshrubs. The vessel cross-sectional area: it is often represented by a line on a graph of area weighted vessel diameter vs. vessel frequency (in number per mm 2 ) (McCulloh et al. 2010) .
The negative correlation between these two parameters means that species with wide vessels have very few of them in a given area relative to species with narrower vessels. than more numerous, narrower ones (Gartner 1991a; Tyree & Zimmermann 2002; Zanne et al. maximum packing limit (McCulloh et al. 2010) . Again, because climbers have less need to provide their own mechanical support, one could expect their wood to be more of climbers than self-supporters has been well documented in the wet and dry tropics (Bamber 1984; Ewers & Fisher 1989; Ewers et al. 1990; Gartner et al. 1990; Gallenmüllen et al. 2001 Gallenmüllen et al. , 2004 , and the temperate zone (Baas & Schweingruber 1987; Gartner 1991a; Chiu & Ewers 1992; Tibbetts & Ewers 2000) . To our knowledge, the packing function of climbers vs. self-supporting species has not been reported.
A third expectation is that the wood anatomy of a species will be adaptive for the habitat in which it is growing, and this expectation forms the basis of extensive reviews (e.g., Baas 1982 Baas , 1986 Baas et al. 1983; Baas & Miller 1985; Carlquist 1988; Tyree & Zimmermann 2002; Rowe & Speck 2005; Wheeler et al. 2007 ). Given that climbers and self-supporters have different relative hydraulic and mechanical constraints, one would not expect the same habitat/anatomy relationship across the growth forms. Ring porosity, for example, is more common in climbers than in self-supporting taxa (Baas & Schweingruber 1987; Carlquist 1985 Carlquist , 1991 .
The three hypotheses tested in this paper on Cyprus climbers and subshrubs are the following: 1) Climbers have less dense wood and a lower proportion of their cross section devoted 2) Vessel size and frequencies are closer to the packing limit in climbers than in subshrubs. 3) Wood anatomy (porosity type, vessel diameter, vessel frequency) is related to site characteristics (temperature and water availability), and these relationships are different in climbers and subshrubs.
These hypotheses are tested by comparing values from a census of species anatomies using data from one individual of each of the climbing species and most of the subshrub species on the island of Cyprus. The basic xylem traits compared here, such as wood porosity, raylessness, and possession of successive cambia (successive layers of xylem and phloem, common in the subshrubs) are species traits and as such this census method is appropriate and allows a large sample size.
MATERIALS AND METHODS
easternmost end of the Mediterranean basin (33° 2" E, 35° 12" N; 9251 km 2 ; maximum elevation 1952 m). The overall climate is Mediterranean, but it is strongly al. 2002) to choose a sampling area that was representative of the geographic distribution and habitat range for each species, and then at that site, sampled one individual. The individual chosen appeared normal and healthy, and was one of the tallest individuals of that species at the site. A portion of one stem was cut near the plant's basis (with the height dependent on the plant's stature, Table 1) , and from this location we took a segment 5-8 cm tall including bark. The segment was stored in a sealed plastic bag to which we added several drops During harvest, we recorded plant height, height of the midpoint from which the segment was taken, and diameter at that point (under bark) for each sample. Elevation and coordinates of the site (from a GPS unit) and site name (from the nearest geographic feature) were recorded. We also described the site location relative to natural features such as bodies of water, position along the slope, and physical features of the surrounding landscape. Stem samples were sawn to expose the wood at the segment's mid-point for sectioning. We made transverse and longitudinal sections (15-25 m) using a disposable blade and a sliding Reichert microtome. The sections were stained with Astra blue and safranin, dehydrated with alcohol and xylene, and mounted in Canada balsam (Schweingruber et al. 2008) . The cell walls richer in cellulose stained blue, and cell walls richer in lignin stained red. With this double staining, parenchyma cells were usually blue and the remainders of the cells were usually red, facilitating the study of the wood patterns in the cross sections. General anatomy was described (Crivellaro 2012) including the IAWA features (Wheeler et al. 1989) . For this paper, we report presence or absence of successive cambia, presence or absence of rays, and the type of porosity (ring porous, semi-ring porous, or diffuse porous).
Sections were imaged using a digital camera mounted on a Nikon Eclipse E400 compound microscope, and analyzed with the image-analysis program ImageJ v. 1.45d (National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). Under the microscope, we characterized a zone of the transverse section that included the outer complete growth ring between two rays and that was large enough to contain at least 80 vessels. For this zone, we estimated lumen area of all vessels, and then converted these areas to lumen diameters, assuming vessels were circular in cross section. Next, we estimated the total area of the zone (excluding one of the two side rays). Then, knowing the number of vessels it contained, we calculated vessel frequency as number of vessels per mm 2 . Determining vessel frequency in ring porous woods is not usually done, but in this study it was examined to determine the packing function. We ring porous species by counting the number of both earlywood and latewood vessels in an area constrained tangentially by rays and radially by ring boundaries. The mean vessel hydraulic diameter was calculated as d h = 4 /n) 1/4 , where d is the diameter of each vessel and n is the number of conduits measured. The area-weighted mean vessel diameter (d A ) was calculated as d A = 2 /n) 0.5 (McCulloh et al. 2010) to allow us to examine the packing function, d A vs. vessel frequency.
by using a line tool. We manually drew multiple polygons that enclosed each tissue type, and determined the area of that tissue using ImageJ. Knowing the total area we could then calculate proportion of transverse area occupied by each tissue. Lastly, same zone.
Wood density was measured on stem sample portions after the bark and the pith were removed. Fresh wood volume was measured using Archimedes' principle by immersing the segment in a beaker containing distilled water on a balance, recording the grams of water displaced, and converting that value to volume using the relationship of 1 g water at room temperature is equal to 1 cm 3 volume. After fresh wood volume was measured, the sample was dried at 103 ± 2°C for 48 hours, and then weighed. Wood density was calculated on a dry mass /fresh volume basis (g/cm 3 ).
From the GPS information, we found the closest meteorological data (Cyprus Meteorological Service 2011) for each of the 35 species sampling sites and calculated mean annual precipitation (MAP) and mean annual temperature (MAT). We developed three site characteristics for each species. Site water availability was listed as dry if the species came from a site with MAP less than or equal to the median MAP for the 35 species pooled (714 mm); otherwise, it was listed as wet. Site temperature was listed as cold if the species came from a site with MAT less than or equal to the median MAT for the 35 species pooled (17.2°C); otherwise, it was listed as hot. Site water equability (the degree to which water would be available during the growing season) was determined by observing the very local plant growing conditions at the sampling site. Water equability was listed as low when it appeared water would be removed slowly the soil would be moist only for short periods following precipitation. For example, a sample growing on the edge of a pond or year-round creek would be listed as having high water equability but a sample growing on a slope, which would be presumed to have wet soil in the rainy season and dry soil in the dry season, would be listed as having low water equability.
Lastly, we recorded leaf persistence during the adverse season (evergreen, decidu-
Tsintides et al. 2002).
We plotted the relationships between pairs of anatomical and geometric variables for climbers and subshrubs separately, and then compared the curves between these diameter, distance from the apex, and vessel lumen diameter; vessel lumen diameter vs. distance from apex; and vessel lumen diameter vs. both vessel frequency and the value -2, which is the slope of the theoretical packing limit. We also analyzed vessel two growth forms, even though there are constraints on the correlation because the -tionship between the two variables. We used the software SMATR (Warton et al. 2006 , http://www.bio.mq.edu.au/ecology/SMATR/) to test for differences in slope between climbers and subshrubs.
Next, we compared the relationships of two anatomical factors (vessel lumen of sample from the stem apex) for climbers and subshrubs. Slopes were compared as above. Means were compared using Student's t-tests with the software R (R Development Core Team 2009).
To control for lack of independence in species comparisons, a phylogeny including the species in the study was generated using the program PHYLOMATIC (Webb & Donoghue 2005) . We performed phylogenetic independent contrasts (PICs) for each variable using the method of Felsenstein (1985) and implemented in the R package "ape" (Paradis et al. 2004 ).
Lastly, we categorized each taxon by four criteria: the three environmental factors (site water availability, site temperature, site water equability), and ring porosity. For each of the categories within each criterion, we plotted vessel diameter, vessel above using Student's t-tests. We also inspected plots qualitatively to learn the extent to which climbers and subshrubs had the same pattern of wood variation with these environmental factors.
RESULTS
Climbers were much taller than the subshrubs, and generally were sampled at much higher locations above ground (Table 1) . Sample diameters were similar in the two growth forms (Table 1 & 2) . None of the climbers had successive cambia or lacked rayless. Most of the climber species were ring porous and most of the subshrub species were diffuse porous ( Table 1 ). The 10 climber species represented 8 families, whereas the 25 subshrub species represented only 8 families. Table 2 ). The climber wood had lower lower vessel frequency (Table 2) . Table 2 . Sample characteristics of climbers (n = 10 species) vs. subshrubs (n = 25 species); probabilities are from paired T-tests.
Climbers
Subshrubs diameter and stem diameter (Fig. 3b ). Climbers and subshrubs showed a common slope for vessel diameter vs. distance from the apex (P = 0.30, Fig. 3c ), but had different common slope in climbers and subshrubs (P = 0.36, Fig. 3d ), and had different y-intercepts (P = 0.02). Vessel frequency was plotted against vessel lumen diameter (d A ) to examine the packing functions of the climbing vs. the subshrub species (Fig. 4) . The slope of the slope differ from the slope of the packing limit, which is -2 (P = 0.46). Climbers had a stronger correlation between vessel diameter and frequency than did subshrubs (r 2 = -ing limit in climbers than subshrubs.
Results of PICs analysis show that correcting for lack of independence due to species relatedness in our dataset does not qualitatively change our results. Similar correlations are found when comparing Pearson pairwise comparisons among PICs and among non-transformed data (Table 3) . Climbers differed markedly in vessel diameter or vessel frequency across environmental and anatomical categories (Fig. 5) , showing the wide variation in climber these categories. In contrast, subshrubs had remarkably constant values for vessel 725 vs. 250 cm, respectively, t = 2.73, df = 7.14, P = 0.03) and in cold relative to hot sites (664 vs. 233 cm, respectively, t = 2.38, df = 7.47, P = 0.04). The two climatic 2 = the basis of water equability in climbers vs. subshrubs.
DISCUSSION
The analysis of all the woody climbers and many of the woody subshrubs of the island of Cyprus supported all the hypotheses in this study and showed that climbers have subshrubs, that vessel size and frequencies are closer to the packing limit in climbers than in subshrubs, and that the ecological wood anatomy of climbers differs from that of subshrubs.
Biomechanically, we expected that climbers would have a wood structure that was less specialized for self-support than the subshrubs (Hypothesis 1). This expectation subshrubs (Table 2) , and by climber anatomy exhibiting greater diversity, suggesting it has been less constrained evolutionarily in the structures and their combinations that were able to evolve. For example, climbers showed no correlation between the vessel exhibited (Fig. 2b) . In contrast, subshrubs had a strong negative correlation between correlated (Fig. 2a) . In climbers, the two variables were not correlated but in subshrubs there was a strong positive correlation.
The wide range of patterns in which climbers' anatomical characteristics were combined was consistent with our understanding of their growth form. We think of plants of the same height. Flexibility in climbers is often interpreted as a mechanical advantage for a growth form that may hang, swing, or be coiled while slipping or falling from host vegetation (Haberlandt 1914; Putz & Holbrook 1991; Isnard & Silk 2009) . The stem stiffness is given by the products of material stiffness and a geometric factor (second moment area). Because the geometric factor is proportional to the fourth same material (Niklas 1992) . Climbing plants commonly have a much smaller rate of radial growth than do self-supporting species (Putz 1990; Ewers et al. 1991) , and they are quite small in stem diameter relative to the amount of foliage they supply (Putz 1983) . The climbers we studied had thin stem diameters (maximum 18 mm, Table 2 ), which is consistent with the common habit of Mediterranean and dry region climbers. Apparently climbers compensate for their narrow stem diameters by producing wider vessels, and a greater number of vessels per area than closely related self-supporting species (Ewers 1985) , in relation to climate and local site growing conditions. on the subshrubs? One possibility is related to the path-length for water transport in different growth forms, with the assumption that subshrubs may have had little selective pressure to have wood with wide diameter vessels. Many woody plants produce wood that is more conductive near the base than the top of the plant, presumably mitigating the increased resistance on the water column due to path-length and height (Ryan & Yoder 1997; Enquist et al. 2000; McDowell et al. 2002; Barnard & Ryan 2003; McCulloh et al. 2010; Savage et al. 2010; Lachenbruch et al. 2011 ). This interpretation is consistent with Figure 3c , showing that vessel lumen diameter was positively correlated with the distance from the apex of the plant: wood near the base of the taller plants had much wider vessels than did wood at the base of short plants. If there was little selective pressure in subshrubs for wood with wide vessels and high selective pressure for wood that could support self-weight, then one may expect that small-diameter vessels and -sel area, there could have been selective pressure to evolve larger-diameter vessels to Fiber diameter is related to distance from the apex in both climbers and subshrubs (Fig. 3d) . This relationship may explain the higher wood density in subshrubs. In fact, et al. 2005 In fact, et al. , 2007 Martínez-Cabrera et al. 2009 ). Fiber diameters tended to be larger in ring porous climbers than in the other types the subshrubs (Fig. 3b) and diffuse porous climbers function primarily in mechanical storage and release (Carlquist 1958 (Carlquist , 1966 (Carlquist , 2001 ). This idea is supported by observed et al. 2005; McCulloh et al. 2012) , and the positive correlations found between wood density and water storage capacity and daily use of stored water (Meinzer et al. 2008; McCulloh et al. 2012) .
As predicted by Hypothesis 2, climbers had vessel diameters and frequencies that were closer to the packing limit than did subshrubs. Climbers had a higher vessel functional allocation of stem area is consistent with our understanding that climber xylem has less of a role in self-support than subshrub xylem. The fact that climbers tended to be shifted to the right on the packing-limit graph (Fig. 4) is consistent with compared to subshrubs.
As predicted by Hypothesis 3, there were differences between growth forms in the basic wood anatomy and in the distribution of anatomies with respect to climate and site factors. Regarding anatomy, only climbers had species that were ring porous (Table 1 and Fig. 5 ), and only subshrubs had species with successive cambia and/or that were rayless (Table 1) . One possible mechanism for the ring porosity in climbers as well as the axial gradient in vessel diameter for all species pooled is the auxin hypothesis that predicts an increase in vessel diameter with distance from apical meristem (Aloni & Zimmermann 1983) . The alteration of vascular increments with parenchyma provided by successive cambia may offer an ideal stem organization for storage and retrieval of photosynthate and water (Carlquist 2007) . Raylessness may cause the loss of radial conduction of assimilates and possibly water and hormones, and occurs only in stems that have relatively small diameters. If rayless stems do experience the addition of secondary xylem to an appreciable extent, they tend to develop rays. Raylessness can also be regarded as a means of achieving a rapid substitution of mechanical tissue for ray tissue (Carlquist 2001) . The rays may aid in giving climber Haberlandt 1914) .
Regarding site factors, the climbing species showed differences in their mean vessel diameters and vessel frequencies by site water availability and site temperature. For the subshrub species, in contrast, we detected no site-related variation in vessel site-related variation. These results underscore the wider range of diversity of wood actually representing more than one functional role, as discussed above.
CONCLUSIONS
of the secondary xylem of climbers appeared to be less specialized for mechanical support and more specialized for long-distance water transport than did the secondary xylem of subshrubs. The support for this statement included the greater vessel areas, vessel lumen diameters and higher incidence of ring porosity in climbers than in subshrubs, and the packing-limit functions that were closer to the maximum possible in climbers than in subshrubs. Additionally, the anatomy of climbers varied systematically with site water availability and temperature, whereas the subshrub anatomy did not.
Our understanding of the plastic vs. genetic nature of these adaptations could be furthered by studies of the ecological wood anatomy of selected species over a range of environments. It would also be interesting to compare the habitats, ranges, plant architectures, and physiologies of ring porous or diffuse porous species of a variety of of the wood anatomy on the ecology of species.
